Abstract: Transdermal transport of pharmacologically active components into the skin depends on the ability of galenic formulations to overcome the stratum corneum (SC) barrier. Microemulsions (ME) are thermodynamically stable liquid systems composed of water, oil and surfactants which may be used for skin permeation and enhance penetration of hydrophobic as well as hydrophilic compounds. We investigated using transmission electron microscopy the effect of ME on human epidermis ex vivo, in order to establish relationship between the type of ME, i.e.: oil-in-water, water-in-oil, gellike, thickened or not with colloidal silica, and the ultrastructural changes in SC barrier resulting from their topical application. ME induced various degrees of dissociation of the SC. The intercellular lipid matrix in the SC became disorganized, which contributed to the separation of corneocytes. This effect was intensified with the increasing oil content in the ME and also when ME were applied under occlusion. The observed morphological changes were in agreement with the increased permeability of ME-treated skin to both lipophilic and hydrophilic compounds reported in the literature. Severe deterioration of the SC barrier induced with the selected ME makes them suitable for selected indications only.
INTRODUCTION
Skin is a very effective barrier which protects the human body from environmental influences such as ultraviolet radiation, chemicals and pathogenic microorganisms. But it also forms a barrier against the loss of water and electrolytes [1] . It is the epidermis that elaborates the cornified layer (stratum corneum, SC) responsible for the skin barrier function [2] . Two parts of the normal SC can be distinguished. The lower part is the SC compactum which is composed of the first 4 to 6 cell layers of the SC [3] . It is this part of the horny layer that provides the effective barrier against water loss. The upper part is called the SC disjunctum and is composed of approximately 8-15 cell layers, more loosely structured, with only lateral cell-cell junctions persisting. The whole SC in human ventral skin consists of around 15-20 cell layers, but these numbers do vary according to the anatomical localization. They are significantly lower on the eyelids and markedly higher on the palms and soles. SC keratinocytes, called corneocytes, are flattened polyedric cells which are filled with keratin and amino acids issued from processing of profilaggrin. Corneocytes possess cornified envelope of cross-linked protein covered with a monolayer of ceramides forming a lipid envelope. The extracellular spaces are filled with lamellar sheets of lipids, primarily cholesterol, free fatty acids and ceramides in roughly equimolar proportions [1] .
These lipid molecules organized in bi-layers provide the relative impermeability of the SC.
The aim of many pharmaceutical formulations is to overcome the epidermal barrier, in order to enable the transport of components into the skin. A former study showed that microemulsions (ME) may have a positive effect on the simultaneous permeation of the antioxidants, like vitamin C and vitamin E, into the skin [4] . A ME is a system of water, oil and surfactants, which is a transparent, optically isotropic and thermodynamically stable liquid solution. It forms easily, shows low viscosity with Newtonian behavior, displays a high specific surface area and has a very small size distribution. It is possible to dissolve in ME hydrophobic as well as hydrophilic substances. Several potential mechanisms have been described how such formulations can enhance drug permeation through the skin: i) swelling or increased hydration of intracellular keratin caused by denaturation or modification or its conformation; ii) action on desmosomes; iii) alteration of lipid bilayers that may lead to a decreased resistance to permeation; iv) modification of solvent properties of the SC, which changes drug partitioning; v) extraction of lipids from the horny layer with use of particular solvents [5, 6] . That is why detection of possible ultrastructural changes could be important for the explanation of the functional observations including an increased permeation of the SC. Electron microscopy is a technique which allows observation of such fine structural modifications. In the present study different ME, previously used for transcutaneous delivery of antioxidant vitamins [4] , were prepared without any active ingredient. Transmission electron microscopy (TEM) observations of osmium and ruthenium tetroxide -stained biopsies were performed in order to explain with ultrastuctural clues the permeabilizing properties of different ME.
MATERIALS AND METHODS

Preparation of Microemulsions (ME)
Oil-in-water (o/W) ME, water-in-oil (w/O) ME, gel-like ME and Aerosil ® -thickened ME were all prepared in the same manner using the same set of components ( Table 1) . These ME previously showed their efficacy for simultaneous transdermal delivery of both hydrophobic and hydrophilic molecules, vitamins E and C [4, 7, 8] . Isopropyl myristate (IPM; Merck, Fleury les Aubrais, France) was used as the lipophilic phase and purified water as the hydrophilic one. The 1:1 mixture of surfactants Tween 40 (polyoxyethylene (20) sorbitan monopalmitate; Fluka Chemie, Buch, Switzerland) and Imwitor 308 (glyceryl caprylate; Condea, Hamburg, Germany) was kindly provided by the Faculty of Pharmacy, University of Ljubljana, Slovenia. The water phases and the oily phases were weighted into the same receptacle. Afterwards the mixture of surfactants was added and the formulations were stirred five minutes with a magnetic stirrer at 400 rpm. Gel-like ME was obtained by an increase of the water content at the expense of the lipophilic phase [7] . A thickening agent, colloidal silica (Aerosil ® 200; Degussa, Dusseldorf, Germany) was added to o/w ME to obtain the formulation showing viscosity similar to that of the gel-like ME [8] .
Ex Vivo Exposure of Human Skin to ME
Normal human skin of three female premenopausal donors was obtained from plastic surgery, following the agreement of the local ethics committee at the Civil Hospices of Lyon. The post-operatory fragments of ventral skin were recovered from the operating room, transported in a sterile container at 4°C, and immediately used for skin permeation experiments, typically within 1h after excision.
Each skin fragment was placed on wet tissue impregnated with Dulbecco's modified Eagle medium (DMEM; Gibco, Paris, France) enriched with 5% fetal calf serum (Gibco), on a heating plate maintained at 32°C. The permeation experiments were performed in duplicate. Glass chambers were affixed on the skin surface with Super Glue-3 (Loctite). One mL of each formulation was put into test chambers, two chambers per formulation. Two chambers remained empty, as controls. For each pair of formulations one chamber was left open to simulate non-occlusive conditions while the other chamber was closed with a plug to create occlusion. The control chambers were treated equally. After six hour incubation, the chambers with the applied formulations were carefully removed. Four millimeter punch biopsies were taken from the center of each incubated area and processed for routine histopathology and transmission electron microscopy (TEM).
Transmission Electron Microscopy
Small skin fragments were fixed with either 2% glutaraldehyde in sodium cacodylate buffer or 3% paraformaldehyde in PBS overnight. After washes in appropriate buffer solutions, they were post-fixed with 1% osmium tetroxide or 0.25% ruthenium tetroxide, respectively, as previously described [9] . Samples were than dehydrated in graded alcohol and embedded in epoxy resins. Semi-thin and ultra-thin sections were cut perpendicular to the skin surface and counterstained, respectively, with toluidine blue and with uranyl acetate followed by lead citrate. For the samples post-fixed with osmium tetroxide, the magnifications ×28,000 and ×75,000 were used for ultrastructural examination, while the samples post-fixed with ruthenium tetroxide were observed at magnifications of ×125,000 and ×260,000.
RESULTS
Light Microscopy
Normal epidermal structure was observed in all the samples. No difference was noticed between the controls with and without occlusion. The Aerosil ® -dispersion did not induce any notable changes either. The SC was often separated and partially lost in many samples during the preparatory procedures. However, treatment with the w/O ME consistently resulted in the nearly complete elimination of the horny cells, especially under occlusion, and the o/W ME induced a notable relaxation of the SC (Fig. 1) .
TEM of ME-Treated Human Skin Explants
Standard post-fixation with osmium tetroxide allowed observation of the tissue morphology, except of the fine structure of intercellular lipid lamellae in the SC [10, 11] . When compared to the untreated control (Fig. 2a) , there was no major change in the SC morphology after application of the Aerosil ® -dispersion alone, without lipophilic phase or surfactants (Fig. 2b) , (mean number of layers in the SC compactum +/-SD = 5.67 +/-0.52). Also the gel-like ME, with a relatively low contents of isopropyl myristate, induced only minor ultrastructural defects in the SC, such as discrete swelling of the intercellular spaces and the beginning of detachment in the SC disjunctum (mean number of layers in the SC compactum +/-SD = 5.33 +/-0.82; Fig. 3) . In contrast, the treatment with the o/W ME resulted in an extensive dissociation of the SC disjunctum and a correlated reduction of the SC compactum (mean number of layers in the SC compactum +/-SD = 3.67 +/-0.52; Fig. 4) . Additionally, amorphous and composite intercorneocyte inclusions were observed in the upper part of the cohesive SC (Fig. 4b) . The strongest effect was exerted by the w/O ME, application of which led to the pronounced dissociation between the SC cells. Typically, there were only a couple of corneocytes remaining at the surface of the living epidermis (mean number of layers in the SC compactum +/-SD = 1.83 +/-0.75; Fig. 5) . Occlusion, in general, amplified the degree of the observed ultrastructural changes whereas addition of the thickener had a somewhat attenuating effect (Fig. 6) . Ultrastructural changes were, thus, induced by all tested ME formulations and, with the constant proportion of surfactants, the extent of these modifications paralleled the increasing proportion of the lipophilic phase.
After ruthenium tetroxide staining, the controls showed intercellular spaces filled with the lipid lamellae in the SC compactum (Fig. 7a) . In the gel-like ME -treated samples, the deeper layers of the SC remained attached to the living epidermis and the intercorneocyte spaces were filled with the well-structured lipid lamellae (Fig. 3b) . A nearly complete Fig. (1) . Semi-thin sections observed at the light microscopy level do not show remarkable histological changes imputable to ME application, as compared to the non-treated controls (A), except of the SC relaxation (B: oil in water ME) and frequent loss of the upper SC layers in samples treated with the water in oil ME (C). Toluidine blue staining. Magnification: x400.
Light microscopy of human skin treated with ME o/W ME Control : no treatment w/O ME separation of the SC could be confirmed after incubation with w/O ME. Only the lipid envelopes stayed attached at the surface of the corneocytes, whereas loose intercellular lipid lamellae could be sometimes distinguished within the otherwise unstructured or altogether empty intercorneocyte spaces (Fig. 7b) . 
DISCUSSION
It could be clearly demonstrated that the changes in morphology of the SC were dependent on the proportions between ingredients used for ME formulation. Specifically, the growing impact of ME on the SC overall structure and lamellar lipid disruption correlated with the increasing oil content: gel-like < o/W < w/O. Indeed, it has been previously observed using attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) on pig ear substrates that ME -induced changes to the SC appear to be proportional to the level of uptake of individual ME components [12] . Consequently, isopropyl myristate and surfactant -cosurfactant mix used in our study, which segregate to the lipophilic compartment, could be predicted to disturb the intercellular lamellar lipids in a dose-dependent manner. Ruthenium tetroxide staining, which enabled us to observe the organization of the lipid lamellae in the spaces between the corneocytes, confirmed that the most profound changes in this compartment occurred after incubation with the w/O ME. Because intercellular lamellar lipids are considered essential for the skin barrier function [1, 13] , their disruption after application of ME with high lipophilic content should induce an increase in skin permeability. Indeed, it was found that ME of the same type as described in this study disturbed skin barrier function [4] . This was revealed by an increased transepidermal water loss (TEWL), a well-established method to determine integrity of the skin barrier [14] . However, in that earlier study [4] , it was the gel-like formulation that showed the most pronounced « irritation potential » ex vivo (TEWL measurements on pig ear skin) and toxicity in vitro (MTT on reconstructed human epidermis). This indicates that despite of being a potentially interesting tool for prediction of skin penetration and tolerance, the ultrastructural examination of ex vivo treated human skin may yield results varying from the other tests, most probably depending on the different experimental settings.
In addition to the oil content, another possible reason for the observed dissociation of the SC could be the influence of surfactants used in the ME formulations. Apart from their impact on the extracellular lipids, surfactants can also act on proteins and possibly facilitate degradation of the protein structures [3] , such as cell-cell junctions in the SC, i.e. corneodesmosomes. Nevertheless, in the present study, the proportions of surfactants in different ME were kept constant, so it is unlikely that this latter mechanism of action was primarily responsible for the observed differences in the degree of SC dissociation in the treated samples. The observed relaxation of the SC structure after application of ME and the resulting partial loss of the permeability barrier could contribute to the explanation of the fact that ME, even those with a low oil content, were able to increase simultaneously penetration of both hydrophilic and hydrophobic drugs [4, 6, 15] .
Under our experimental conditions, no significant morphological alteration of the living epidermal layers was observed after 6 hour application of ME. This remains in agreement with the previous reports dealing with the same kinds of formulations tested in vitro on reconstructed human epidermis [4] . Nevertheless, based on this morphological study, our prediction is that with the constant proportion of surfactants, the permeation efficacy of ME should increase along with the proportion of the lipophilic fraction. The ransom of this effect could be the potential adverse effects. One has to keep in mind that a reduced barrier function facilitates penetration of various chemicals through the slightly damaged skin [16] and this represents a potential risk and limitation to the use of most "aggressive" formulations.
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